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1.  Introduction/Background 


Unlike  its  traditional,  linear  counterpart,  nonlinear  radar  offers  the  ability  to  detect 
and  range  targets  that  contain  electronically  nonlinear  components,  such  as 
transistors,  diodes,  and  semiconductors.  While  many  circuit  devices,  such  as 
amplifiers,  mixers,  and  converters,  exhibit  nonlinear  behavior,  the  true  potential  of 
nonlinear  radar  is  shown  in  its  real-world  application  of  detecting  a  range  of  targets 
from  handheld  radios  to  electronic  detonators  of  improvised  explosive  devices 
(IEDs).  Targets  such  as  these  are  difficult  to  detect  with  linear  radar,  due  to  their 
typical  size  and  shape  -  often  small  and  thin,  with  a  slim  geometric  profile.  This 
profile  lends  itself  to  a  small  radar  cross  section,  which  can  easily  be  obscured  and 
interfered  with  by  nearby  objects  or  clutter.  Nonlinear  radar  offers  the  feature  of 
high  clutter  rejection,  but  this  must  be  weighed  against  2  disadvantages:  1)  the 
harmonic  response  from  the  target  is  extremely  weak,  and  thus  difficult  to  capture, 
and  2)  the  incident  power  required  to  generate  a  detectable  response  is  significantly 
higher  than  that  of  linear  radar.1,2 

The  nonlinear  radar  model  used  in  my  experiments  is  akin  to  a  harmonic,  stepped 
frequency  radar.  The  radar  transmits  a  single  frequency,  co;  if  the  radar  receives  a 
harmonic  of  this  fundamental  (i.e.,  2co  and  3co),  a  nonlinear  target  is  present.  The 
original  fundamental  frequency  co  is  then  stepped,  or  increased  by  an  increment  Aco, 
across  a  bandwidth  until  enough  harmonic  data  are  collected  to  verify  detection  and 
calculate  distance  to  target.3 

A  general  diagram  of  harmonic  radar  is  shown  in  Fig.  1.  In  the  transmission  chain, 
the  fundamental  co  is  amplified  to  increase  its  incident  power  on  the  target,  and  then 
fed  through  a  low  pass  filter  to  attenuate  any  artifacts  created  from  amplification. 
This  signal  is  then  transmitted  to  a  target,  and  then  reflected  back  to  the  receive 
chain,  the  effective  reverse  of  the  transmission  chain.  This  time,  the  signal  is  fed 
through  a  high  pass  filter  to  attenuate  the  fundamental,  while  allowing  its  harmonics 
to  pass  through.  The  weak  harmonic  responses  are  then  amplified  to  allow  for  easier 
detection  and  measurement. 
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Fig.  1  General  model  of  harmonic  radar,3  where  transmitter  =  Tx  and  receiver  =  Rx 

In  earlier  studies  of  nonlinear  radar,  the  phase  of  these  reflected  harmonics  has 
largely  been  assumed  to  be  constant  versus  the  bandwidth  of  frequencies 
transmitted  to  the  target.3  This  previously  unconfirmed  relationship  is  necessary  to 
calculate  the  distance  to  target  using  an  inverse  Fourier  transform.  My  experimental 
designs  reexamine  this  assumption  to  affirm  it  and  uphold  that  the  harmonic 
stepped-frequency  methods  of  radar  are  widely  applicable  for  the  detection  and 
ranging  nonlinear  targets. 

2.  Harmonic  Phase  Response  Theory 

Let  the  transmitted  electric  field  be  a  single-frequency  sinusoid,  represented  as  a 
complex  exponential: 


EtrJt)  =  E^e**  (1) 

Equation  1  shows  Et  and  <fh  as  the  initial  amplitude  and  phase  of  the  transmitted 
electric  field,  and  co  is  its  fundamental  frequency  in  radians. 

As  the  transmitted  wave  travels  a  distance  d  to  the  target  in  time  x,  the  amplitude  of 
its  electric  field  will  attenuate  as  it  propagates  through  the  lossy  medium,  such  as  a 
transmission  line  or  air.  Additional,  the  wave  will  undergo  a  phase  shift  that 
proportional  to  its  operating  frequency.  Arriving  at  the  target,  the  incident  electric 
field  may  be  written  as 


*uo 


=  Eie-Jme,a 


(2) 


4 


where  Ei  <  Et.  The  incident  electric  field  incident  Emc  can  be  related  to  the  electric 
field  that  reflects  off  the  target  by  the  standard  power  series  model  for  nonlinear, 
memoryless  targets:12-15 


MO  =  I >VM) 

p= i 


(3) 


where  ap  are  complex  power-series  coefficients.  The  value  of  a\  is  the  linear 
response  of  the  target,  whereas  the  following  coefficients  {ai,  ai, ...}  depend  on  a 
variety  of  properties  of  the  device,  such  as  the  specific  clutter  around  the  device, 
the  orientation  of  the  target,  and  other  radio  frequency  (RF)  interference  in  the 
environment. 

When  the  incident  electric  field  described  in  Eq.  2  is  substituted  into  Eq.  3,  and  the 
expanded,  the  result  is 

EKfl(t)  =  a.E.e-^e^  +  a2E2ei2olT  ei2M  +  a,E2  e-J3aT  e^'  +  ... 

=  \al\eJ*Ei  e~jaiejM  +  \a2\eJAE2e-j2arej2M  +  \ai\e^E3e-i3aTej3M  +... 


This  is  the  reflected  electric  field,  the  wave  after  the  transmitted  signal  has  reached 
the  target  and  begins  to  travel  back  to  the  radar’s  receiver.  Assuming  the  radar  is 
monostatic  (the  transmitter  and  receiver  are  combined  and  thus  the  same  distance 
to  the  target),  the  reflected  electric  field  will  experience  a  second,  identical  time 
delay  of  x  on  its  return,  so  that  the  electric  field  received  can  be  described  as 


Ertx  ( t )  =  +\_E2eJhe-J2<ozeJ2a"]e-J2o,T  +... 

=  (Eleja,){e-j2wre^)  +  {E2eJ2a‘){e-J4aTe^)  +  (EJeJ2a,){e-J6aTe^)  +  ... 


M= 1 


(5) 


In  Eq.  5,  Em  denotes  the  electric-field  amplitude  received  at  each  harmonic  M  of 
fundamental  frequency  co.  Each  harmonic  of  the  stepped  fundamental  frequency 
experiences  a  phase  delay  of  2 Mcot  -  (/>m.  This  delay  is  the  key  phase  information 
needed  to  obtain  range-to-target  data. 

If  we  describe  Eq.  5,  the  electric  field  received  by  the  radar,  as  a  phasor,  the  result 
is  the  complex  equation 


4c  (M®)  =  EM  Z  {  K  -2MCOT  }  _  ^ 

To  obtain  distance  from  the  equation,  a  simple  substitution  of  r  =  dlup  is  required. 
This  relationship  simply  states  the  time  it  take  for  wave  to  travel  to  the  target  is  the 
distance  to  the  target  divided  by  the  wave’s  speed. 
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KAMco)  =  EMZ{<fiM-2Mco(d/up)} 


(?) 


Finally,  range-to-target  may  be  calculated  by  solving  for  the  derivative  of  the  phase 
of  fsVec  with  respect  to  radian  frequency  of  the  fundamental.  However,  this  is  only 
true  of  the  harmonic  phase  response  from  the  target  is  constant  versus  frequency. 


=  <!>M-2M(0{d/up ) 

=0-2  M  — 

0(0  un 


d  =  - 


u_p  f  d 

2 M{  dco 


ZE„ 


(8) 


The  experimental  data  collected  and  delineated  in  this  study  confirm  that  target 
distance  can  be  calculated  from  ExQC  using  Eq.  8. 


3.  Wireline  Experiment 


To  begin  verification  of  the  assumed  phase-frequency  relationship,  a  basic  wireline 
experimental  design  is  used,  as  depicted  in  Fig.  2.  Both  the  radar’s  transmitter  and 
receiver  is  simulated  by  using  the  Keysight  N5242A  PNA-X  nonlinear  vector 
network  analyzer  (NVNA).  The  NVNA  transmits  a  series  of  stepped  signals  from 
Port  1  along  2  cascaded  12-ft  MegaPhase  F130  transmission  lines,  whose  loss  and 
distortion  is  known.  These  cables  simulate  the  distance  between  the  radar  and  a 
nonlinear  target.  The  incident  signal,  notated  as  Al,  reaches  the  target,  and  is 
reflected  back  into  Port  1  of  the  NVNA,  as  Bl. 


Kevsight 

N5242A 

N-VNA 


Al  (incident) 


B 1  (reflected) 


coaxial  cable 


SMA 

connector 


Fig.  2  Wireline  experimental  setup3 

The  targets  used  in  this  wireline  experiment  are  as  follows: 
.  MiniCircuits  ZX60-3 0 11+  amplifier  (input  port) 

.  MiniCircuits  ZX60-V63+  amplifier  (input  port) 

.  MiniCircuits  ZLW- 1 86MH  mixer  (RF  port) 

.  MiniCircuits  ZFM-2000+  mixer  (RF  port) 

.  Motorola  FV300  radio  (antenna  port) 
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.  Motorola  T4500  radio  (antenna  port) 

Each  target  had  SMA  input  and  output  ports.  For  the  amplifiers  and  mixers,  unused 
ports  were  terminated  with  a  50-Q  load.  For  the  Motorola  handheld  radios,  their 
antennas  were  replaced  with  an  SMA  end  launch  soldered  to  their  printed  circuit 
board  (PCB).  Every  target  exhibits  nonlinear  behavior,  with  the  amps  and  mixers 
typically  being  components  to  detect  in  a  larger  electronic  target,  and  the  radios 
more  accurately  representing  a  real-world  target  for  a  nonlinear  radar  system  to 
detect. 

For  this  wireline  experiment,  the  previously  derived  distance,  Eq.  8,  can  be 
simplified  to  account  for  the  wave’s  propagation  through  a  lossy  cable  like  the 
MegaPhase  FI 30s. 

d  =  f  1  _  Cj_  4fr_  |  ^M_  (^l) 

2  M  \  da>  J  2  M  [  a>2  -  cox 

In  Eq.  9,  the  propagation  speed  has  been  broken  down  to  the  speed  of  light  and  the 
dielectric  constant  of  the  transmission  line.  Additionally,  the  derivative  of  the  phase 
of  the  return  wave  has  been  simplified  to  a  discrete  slope  equation  between  2 
collected  data  points. 

Finally,  the  sweep  the  NVNA  transmits  to  the  target  is  from  800  to  900  MHz  with 
a  1.25-MHz  step.  Each  transmitted  sinusoid  has  the  same  amplitude,  but  is  applied 
to  the  target  at  2  different  power  levels:  -10  and  0  dBm.  The  results  are  displayed 
Figs.  3  through  15,  with  the  frequency  reported  in  Hz. 
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open  circuit  +  24 -ft  Megaphase  cable 


(a) 

open  circuit  +  24 -ft  Megaphase  cable 


Freguency,  f  (MHz) 

(b) 

Fig.  3  Power  and  phase  of  reflection  from  the  24-ft  cable  with  open-circuit  termination  at 
a)  fundamental  and  b)  2nd  harmonic3 
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MiniCircuits  ZX60-3011  amplifier,  alone 
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(a) 

MiniCircuits  ZX60-30 11  amplifier  +  coaxial  cable 
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Fig.  4  Power  and  phase  of  2nd  harmonic  reflection  from  ZX60-3011  amp  input:  a)  amp 
connected  to  Port  1  and  b)  amp  connected  through  the  24-ft  cable  to  Port  1 
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MiniCircuits  ZX60-3011  amplifier,  alone 
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Fig.  5  Power  and  phase  of  3rd  harmonic  reflection  from  the  ZX60-3011  amp  input:  a)  amp 

connected  to  Port  1  and  b)  amp  connected  through  the  24-ft  cable  to  Port  1 
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Min i Circuits  ZX60-V63  amplifier,  alone 
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Fig.  6  Power  and  phase  of  2nd  harmonic  reflection  from  the  ZX60-V63+  amp  input:  a)  amp 
connected  to  Port  1  and  b)  amp  connected  through  the  24-ft  cable  to  Port  1 
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MiniCircuits  ZX60-V63  amplifier,  alone 
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Fig.  7  Power  and  phase  of  3rd  harmonic  reflection  from  the  ZX60-V63+  amp  input:  a)  amp 
connected  to  Port  1  and  b)  amp  connected  through  the  24-ft  cable  to  Port  1 
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MiniCircuits  ZLW-186MH  mixer,  alone 
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Fig.  8  Power  and  phase  of  2nd  harmonic  reflection  from  the  ZLW-186MH  mixer  RF  port: 
a)  mixer  connected  to  Port  1  and  b)  mixer  connected  through  the  24-ft  cable  to  Port  1 
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MiniCircuits  ZLW-186MH  mixer,  alone 


(a) 

MiniCircuits  ZLW186MH  mixer  +  24  ft  Megaphase  cable 


(b) 


Fig.  9  Power  and  phase  of  3rd  harmonic  reflection  from  the  ZLW-186MH  mixer  RF  port: 
a)  mixer  connected  to  Port  1  and  b)  mixer  connected  through  the  24-ft  cable  to  Port  1 
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MiniCircuits  ZFM -2000  mixer,  alone 


(a) 

MiniCircuits  ZFM-2000  mixer  +  24  ft  Megaphase  cable 


Frequency,  f  (MHz) 

(b) 

Fig.  10  Power  and  phase  of  2nd  harmonic  reflection  from  the  ZFM-2000+  mixer  RF  port: 
a)  mixer  connected  to  Port  1  and  b)  mixer  connected  through  the  24-ft  cable  to  Port  1 
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MiniCircuits  ZFM -2000  mixer,  alone 
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MiniCircuits  ZFM-2000  mixer  +  24  ft  Megaphase  cable 


(b) 


Fig.  11  Power  and  phase  of  3rd  harmonic  reflection  from  the  ZFM-2000+  mixer  RF  port: 
a)  mixer  connected  to  Port  1  and  b)  mixer  connected  through  the  24-ft  cable  to  Port  1 
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Motorola  FV300  radio,  alone 
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(b) 

Fig.  12  Power  and  phase  of  2nd  harmonic  reflection  from  the  Motorola  FV300  radio: 
a)  target  connected  to  Port  1  and  b)  target  connected  through  the  24-ft  cable  to  Port  1 
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Motorola  FV300  radio,  alone 


(a) 

Motorola  FV300  radio  +  24 -ft  Megaphase  cable 


(b) 

Fig.  13  Power  and  phase  of  3rd  harmonic  reflection  from  the  Motorola  FV300  radio: 
a)  target  connected  to  Port  1  and  b)  target  connected  through  the  24-ft  cable  to  Port  1 
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Motorola  T4500  radio,  alone 


(a) 

Motorola  T4500  radio  +  24  ft  Megaphase  cable 


Frequency,  f  (MHz) 


(b) 

Fig.  14  Power  and  phase  of  2rd  harmonic  reflection  from  the  Motorola  T4500  radio:  a)  target 
connected  to  Port  1  and  b)  target  connected  through  the  24-ft  cable  to  Port  1 
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Motorola  T4500  radio,  alone 


(a) 

Motorola  T4500  radio  +  24 -ft  Megaphase  cable 


(b) 

Fig.  15  Power  and  phase  of  3rd  harmonic  reflection  from  the  Motorola  T4500  radio:  a)  target 
connected  to  Port  1  and  b)  target  connected  through  the  24-ft  cable  to  Port  1 
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The  assumption  that  harmonic  phase  response  is  constant  with  frequency  is 
empirically  confirmed  by  the  data  shown  in  Figs.  4a  through  15a,  which  delineate 
a  mostly  flat  phase  response  when  the  target  is  directly  connected  to  Port  1  of  the 
NVNA.  Distance  can  be  calculated  using  this  phase  response  data  at  either  the  2nd 
or  3rd  harmonic  of  the  fundamental.  This  is  shown  more  clearly  in  Figs.  16  and  17, 
which  contain  the  unwrapped  phase  plots  for  the  FV300  radio  (Figs.  12b  and  13b) 
and  T4500  radio  (Figs.  14b  and  15b),  respectively,  at  -10  dBm. 


Motorola  FV300  radio  +  24 -ft  Megaphase  cable 


Fig.  16  Unwrapped  harmonic  phase  response  for  the  Motorola  FV300 
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Motorola  T4500  radio  +  24  ft  Megaphase  cable 


Fig.  17  Unwrapped  harmonic  phase  response  for  the  Motorola  T4500 


For  the  FV300  radio,  at /=  800  MHz,  ^  =  -75°,  and  at /=  900  MHz,  fa  =  -4315°. 
Using  a  delay  of  l/up  =  1.27  ns/ft,  as  listed  in  the  Megaphase  FI 30  manufacturing 
specifications,12  range -to-target  may  be  calculated  from  the  phase  response  at  2/ 
using  Eq.  9: 


d  = 


u 


2(2)  [ 


®2-®l 


1  1ft 


4  1.27  ns 


M375°- 


n 

180” 


-75°  • 


n 

180” 


Mt 


900-106  s1)-(2^)(800-106  s 


') 


=  23.5  ft 


(10) 


With  MATLAB,  this  process  can  be  repeated  to  generate  the  distance  to  each  tested 
target  from  the  phase  response  of  the  2nd  or  3rd  harmonic  (Table  1). 
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Table  1  Range-to-target  for  devices  tested  in  wireline  experiment 


Target 

M 

d 

Target 

M 

d 

MiniCircuits 

2 

23.5  ft 

MiniCircuits 

2 

23.6  ft 

ZX60-301 1+ 

3 

23.4  ft 

ZFM-2000+ 

3 

23.7  ft 

MiniCircuits 

2 

23.3  ft 

Motorola 

2 

23.5  ft 

ZX60-V63+ 

3 

23.4  ft 

FV300 

3 

23.8  ft 

MiniCircuits 

2 

23.6  ft 

Motorola 

2 

23.6  ft 

ZLW-186MH 

3 

23.6  ft 

T4500 

3 

23.6  ft 

open  circuit 

1 

23.2  ft 

Each  distance  calculated  from  the  phase  data  is  well  within  5%  of  the  actual 
distance  (24  ft),  confirming  that  using  harmonic  phase  information  to  determine 
range  is  a  valid  technique  for  use  in  nonlinear  radar. 

4.  Wireless  Experiment 

Figure  18  shows  the  next  experimental  design  used  to  validate  the  harmonic  phase 
response,  a  wireless  setup  slightly  more  complex  than  the  wired  system  previously 
discussed. 


Fig.  18  Wireless  experiment  setup 

Like  the  wireline  tests,  this  experimental  design  uses  the  Keysight  NVNA  to 
generate  the  series  of  transmit  signals,  as  well  as  receive  the  harmonic  response; 
though  in  this  wireless  configuration,  the  received  signal  enters  Port  2,  instead  of 
returning  to  the  same  port,  Port  1,  as  in  the  previous  design.  Similar  to  the  wireline 
tests,  the  transmission  chain  begins  with  signal  generation,  amplification,  and  low 
pass  filtering;  however,  the  wireless  configuration  employs  a  much  more  powerful 
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amp,  the  MiniCircuits  ZHL-42W,  with  a  gain  of  roughly  38  dB.  Again,  the  low 
pass  filter  acts  to  attenuate  harmonics  or  artifacts  that  could  be  generated  during 
amplification.  The  first  major  difference  between  the  wired  and  wireless  setups  is 
the  next  component  in  the  transmitter  chain,  a  configuration  of  diplexers  that  serve 
3  functions:  1)  divert  any  remaining  harmonics  that  were  not  sufficiently  attenuated 
by  the  first  filter  to  a  50-Q  load,  2)  send  the  desired,  artifact-free  signal  through 
another  series  of  filters  to  the  vertically  aligned  Schwartzbeck  9120E  antenna  to  be 
transmitted  to  the  target,  and  3)  on  the  receive  chain,  attenuating  the  received 
fundamental  frequency,  while  passing  the  harmonic  response  to  Port  2  of  the 
NVNA  to  be  captured. 

The  targets  under  test  for  this  wireless  experiment  were  the  same  handheld 
Motorola  radios  used  in  the  wireline  experiment,  the  FV300  and  T4500.  Both 
targets  were  powered-on  and  tested  at  distances  of  both  2  and  3  m,  directly  in  front 
of  the  antenna.  The  bandwidth  of  frequencies  the  NVNA  generates  is  750  to 
850  MHz  with  a  step  of  0.625  MHz,  at  a  power  of -10  dBm. 

The  same  range  equations  used  to  determine  distance  from  phase  previously 
derived  and  described  in  Eqs.  8  and  9  can  be  used  in  the  wireless  case,  with  one 
small  modification.  Because  of  the  more  complex  and  thus  longer  transmitter  and 
receive  chains,  the  time  it  takes  to  travel  the  additional  distance  to  and  from  the 
NVNA  must  be  accounted  for.  This,  mathematically,  simply  translates  to  a 
subtraction  of  do,  or  the  distance  that  the  signal  travels  from  the  NVNAs  Port  1  to 
the  antenna  plus  the  distance  that  the  harmonic  response  traverses  from  the  antenna 
to  the  NVNAs  Port  2,  divided  in  half. 


d 


UJ_{  /p  1  _  J  _  c  [  ‘hAjil  0mUI) 
2M\8co  re‘j  0  2  M\  2niyf2  -/,) 


d0 


(11) 


For  the  radar  system  used  in  this  experiment,  the  distance  do  is  3.2  m.  The  2nd 
harmonic  response  is  shown  in  Fig.  19  for  both  radios  and  2  different  distances. 
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Motorola  T4500  radio,  standoff  distance  d  =  2  m 


Frequency,  f  (MHz) 

(a) 


Motorola  FV300  radio,  standoff  distance  rf=3m 
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Fig.  19  Power  and  phase  of  2nd  harmonic  from  the  a)  Motorola  T4500  radio  at  2  m  away  and 
b)  Motorola  FV300  radio  at  3  m  away 
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Though  these  data  are  less  strong  than  their  wireline  counterpart,  range-to-target 
can  still  be  calculated  using  Eq.  11,  when  the  target’s  amplitude  response  has  a 
sufficient  enough  signal-to-noise  ratio  to  discern  it  from  the  noise  floor.  Using  the 
2nd  harmonic  (M=  2)  reflected  from  the  T4500  radio  and  data  near  760  MHz  (the 
most  visibly  straight  linear  portion  of  the  phase  plot): 


u 

p 

< 

)  (/l) 

2(2) 

2/r( 

) 

3-10*  m/s 

< 

'' 

1 

(o°-  n  1— fl65°-  n  1 
i,  180°  J  l,  180° J 

1  I 

> 

4 

M 

(763.8-106  s1  — 757.5-10 

'6  s1) 

(12) 


The  results  of  the  wireless  experiment,  as  shown  in  Eq.  12,  corroborate  the  data 
collected  in  the  previous  wired  experiment.  Again,  the  conjecture  that  the  received 
harmonics  are  linear  as  a  function  of  frequency  is  verified,  so  that  range  can  be 
calculated  from  the  harmonic’s  phase. 


5.  Conclusions 


Previous  nonlinear  harmonic  radar  systems  detect  targets  via  transmission  of  a 
single  frequency  co,  stepping  (incrementally  increasing)  this  frequency  through  a 
wide  bandwidth,  then  listening  for  a  response  of  the  2nd  harmonic  2co;  however,  the 
phase  information  that  this  harmonic  contains  and  its  relationship  to  target  distance 
has  been  largely  assumed  and  unconfirmed.  This  assumption  was  verified  through 
2  experiments,  1  wired  and  1  wireless,  where  the  phase  of  the  2nd  and  3rd  harmonic 
of  the  received  electromagnetic  wave  from  nonlinear  targets  was  measured  and 
plotted  against  the  frequency.  The  result  was  a  linear  relationship,  in  which  range- 
to-target  could  be  calculated  from  slope. 
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